Modelling the mechanical effect of muscles is important in several research and clinical contexts. However, few studies have investigated the effect of different muscle discretizations from a mechanical standpoint. The present study evaluated the errors of a reduced discretization of the lower-limb muscles in reproducing the muscle loading transferred to bones. Skeletal geometries and a muscle data collection were derived from clinical images and dissection studies of two cadaver specimens. The guidelines of a general method previously proposed for a different anatomical district were followed. The data collection was used to calculate the mechanical effect of muscles, i.e. the generalized force vectors, and the errors between a large and a reduced discretization, in a reference skeletal pose and in the extreme poses of the range of motion of joints. The results showed that the errors committed using a reduced representation of muscles could be significant and higher than those reported for a different anatomical region. In particular, the calculated errors were found to be dependent on the individual anatomy and on the skeletal pose. Since different biomechanical applications may require different discretization levels, care is suggested in identifying the number of muscle lines of action to be used in musculoskeletal models.
Introduction
Computational models of the musculoskeletal system have been widely used in several biomechanics investigations. 1, 2 Regarding such models, a strong consensus exists in modelling the mechanical effect of muscles with one-dimensional actuators, implying a discretization of the continuum muscle-tendon elements. This process leads to lumped parameter models and an error in describing the force-and moment-generating capacity of muscles is involved. Intuitively, the more actuators are used to model each muscle, the lower will be this error, and the larger will be the modelling and computational complexity involved. To date there is no consensus on an adequate number of muscle lines of action to be used in lower-limb models and significant differences can be found. For instance, the gluteus maximus has been modelled with one line, [3] [4] [5] [6] two lines 7, 8 or three lines. [9] [10] [11] [12] In general, in the majority of models presented in the literature, a small number of muscle lines of action is adopted. Actually, one of the most widely adopted discretizations, [13] [14] [15] [16] proposed by Delp et al., 9, 17 consists of 43 line elements per leg, where single lines of action are used except for a few muscles (gluteus maximus, gluteus medius, gluteus minimus, adductor magnus) discretized with three elements. Nevertheless, in a more recent work, a lower-limb model with a markedly larger number of elements (163 per leg) has been proposed: 18 with an heuristic choice, most muscles were divided into parts and each one was discretized with a minimum number of elements. The importance of the discretization choice on the biomechanics investigations surely depends on the objective of the modelling activity, but, to date, no conclusive sensitivity studies have been performed on the lower-limb muscles. As a consequence, the effect of the discretization level on the mechanical effect of the lower-limb muscles on bones is still unclear.
To the authors' knowledge, only one single study 19 has been published on the methodological problem of assessing an adequate number of muscle lines of action. In that work, a musculoskeletal model of the shoulder region was built from accurate dissection measurements taken from a cadaver study on bones and muscle attachment areas. It was there assumed that 200 lines of action could correctly reproduce the muscle mechanical effect on bones, represented by the resulting force and moment vectors with respect to the centroid of the attachment areas. Then the mechanical effect was calculated for a large number (200) and a reduced number (up to six) of lines of action, in order to analyse the resulting error between the two representations in a reference pose. The results showed that the highest absolute errors were found for the muscles with larger attachment areas and the relative errors did not exceed 15% for most muscles.
Although important, the results of the cited study 19 cannot be directly transferred to lower-limb models, due to the significant differences between the two anatomical regions. In addition, it would be interesting to understand if, and to what extent, the results obtained from one anatomy and one pose can be extended to different geometries and poses in the range of motion (ROM) of joints. In fact, it is well known that lowerlimb muscle attachments and moment arms show a wide anatomical variability, 20 but it is not evident a priori if this variability may influence or not the error related to the muscle discretization, which is an aspect neglected in the reference work cited.
The aim of the present study was twofold: first, to replicate the mentioned work 19 for the lower limbs in order to evaluate the errors of the muscle discretization in reproducing the mechanical effect of muscles on bones, for a given muscle force, in a reference skeletal pose; and second, to extend the study to the extreme poses of the ROM of lower-limb joints. To this purpose, data from both limbs of two cadaver specimens were used, and the variability of the calculated mechanical effect of muscles was studied when varying the musculoskeletal geometry and the model pose.
Materials and methods

Data collection
Lower-limb data of two cadaver specimens were obtained from detailed multiscale datasets, 21 publicly available through the Physiome Space service 22 (http:// www.physiomespace.com) ( Figure 1 ). The data collection includes the bone segments and the muscle anatomies. The muscular data collection of the lower limbs includes 66 muscles for a specimen (missing gemellus superior and inferior, obturator externus and internus, quadratus femoris, plantaris, extensor and flexor digitorum brevis) and 69 muscles for the other (missing gluteus maximus, left pyriform, semitendinosus, biceps femoris caput brevis, peroneus tertius, soleus, medial and lateral gastrocnemius), and consists of threedimensional coordinates of the points defining the attachment locations of muscles, superficial paths of the muscle fibres, muscle volumes and lengths.
Modelling the mechanical effect of the lower-limb muscles
Discretizing the muscle attachment areas. The muscle attachment areas were modelled according to their shapes, following the method proposed for the shoulder muscles: 19 (a) approximation by a point (considered as line with order zero) for relatively small areas; (b) approximation by a straight line (first order) or curved line (third order) for areas with relatively large length/width ratio; (c) approximation by a plane for relatively large areas.
In three-dimensional space a muscle can influence up to six degrees of freedom (DOF) of each bone, depending on the shape of the attachment area and the direction of the muscle fibres. In general, nine combinations of areas are possible, and each muscle with a combination of attachment areas can influence a specific number of DOF. The minimum number of lines of action necessary to the muscle representation is given by the number of DOF that the muscle can influence independently. This minimum number of elements is equal to the rank of matrix A (see equation (2)). 19 In the lowerlimb region, five combinations of geometrical shapes of attachment areas were identified, and each muscle was schematized with a combination of them ( Table 1 ). The muscles whose attachment areas were both approximated by a single point were represented by a single line of action. Some muscles exerting a negligible force were not included in the models (extensor and flexor digitorum, extensor and flexor hallucis, obturator externus and internus, peronei brevis, longus and tertius, popliteus). For the muscles iliacus, tibialis anterior and tibialis posterior, points dividing the involved muscles in series of two straight-line segments (i.e. via-points) and fixed to the proximal segment were defined on the superficial fibre paths, identifying a proximal and a distal part of the muscles. A mathematical description of the geometrical shapes was fitted to the data points of the attachment areas, following the previously published method 19, 23 (Figure 2 ): 1. One point-approximated attachment areas. The coordinates of the point-shaped attachment areas were approximated by the centroid of the areas, calculated as the mean of the measured coordinates on bones. 2. Line-approximated attachment areas. The coordinates of data points of the attachment areas were expressed as polynomials in variable t i 2 ½0, 1
For each coordinate a least-squares criterion was used to estimate the parameters of the polynomials. The resulting attachment areas of the muscles were proportionally distributed along the polynomials.
3. Plane-approximated attachment areas. The coordinates of data points of the attachment areas were expressed by the equation of a plane approximating the attachment areas. Data points were projected on the plane using a leastsquares criterion to estimate the parameters describing the plane. The area defined by the projected coordinates could be divided in equal parts along the longer axis, and for each part two points were proportionally distributed over the area, resulting in an even number of points describing the surface.
In all combinations of the modelled attachment areas, the geometric muscle model could be created by locating an arbitrary large number of straight lines of action between the origin and the insertion points (including via-points where described above), using a map of the muscle bundle distribution derived from the position data. Computing the mechanical effect of muscles. The muscle force vectors were represented by the lines of action attached to the bone and pointing towards the fibre directions. The mechanical effect of each muscle was described by the resulting force and moment vectors with respect to the centroid of the attachment areas, 19 Y F and Y M , exerted by the muscle lines of action, which can be written in a compact form as generalized force vector
where the matrix A accounts for the muscle geometry and U represents the vector of scalar forces, for n number of lines of action. Under the assumption of even activation of each muscle over its entire volume, 19 the muscle force u was supposed uniformly distributed between the lines of action
where n represents the number of lines of action, PCSA the muscle physiological cross-sectional area and s the constant muscle tension equal to 30 N/cm 2 . 19 The values of muscle PCSAs were calculated from the muscle data collections as the muscle volume divided by the optimal fibre length l opt , where l opt was calculated as the mean fibre length multiplied by the ratio of the mean sarcomere length and the optimal sarcomere length of 2.7 mm. 24 The muscles that did not feature a pointapproximated attachment area (gluteus maximus, adductor magnus) presented non-null moments at both origin (O) and insertion (I) attachments, while all the other muscles showed null moment with respect to the centroid of the point-approximated area. The moments with respect to the centroid of the via-points (iliacus) have not been evaluated.
Mechanical effect of muscles in the range of motion of joints A 7-segment, 10-DOF computational model of the lower-limb system was generated for each cadaver specimen. Each leg was articulated by three ideal joints: a ball-and-socket at the hip (3 DOF) and a hinge (1 DOF) at both the knee and the ankle. 16 The identification of the joint parameters was based on relevant landmarks identified on the skeletal surface with a virtual palpation procedure. 25 All anatomical landmarks were identified following the International Society of Biomechanics (ISB) standards and a local coordinate system was defined for each segment. 26 The hip centre was defined as the centre of the sphere that best fitted the femoral head surface. The hip joint orientation was defined according to ISB standards. 26 The axis of knee rotation was defined as the axis connecting the two centres of the medial and lateral epicondyles, 27 and the axis of ankle rotation was defined as the axis connecting the medial and the lateral malleoli. 28 The reference pose of the models was defined as the neutral pose where the generalized coordinates were zero, according to the ISB recommendations. 29 The further investigated poses were in correspondence of the minimum and maximum ROM values of each joint DOF. Each movement in the interested poses was performed separately, without considering any combination of joint angle values. Therefore, the investigated skeletal poses were 40 in total, which included the reference pose and the nine extreme poses for the four samples (two sides per specimen). The extreme ROM values of all considered joints were taken from the mean values of an adult population 30 (Table 2) .
Error between the large and the reduced muscle representation
It was assumed that a uniform density of lines of action equal to 1 line/mm constituted a good muscle representation to correctly reproduce the mechanical effect of each entire muscle. This assumption was preliminarily verified through a convergence study, calculating the generalized force vectors for increasing values of line density. Thus the large representation of each muscle was constituted by the number of lines of action corresponding to 1 line/mm, ranging from 41 to 293; the reduced representation was constituted by the number of elements equal to the DOF influenced by the muscle (Table 1 ). In order to evaluate the error between the two muscle discretizations, the corresponding generalized force vectors, Y large and Y reduced , were calculated. Then the absolute error e a and the percentage relative error e r were calculated between the two representations as follows e a = Y large À Y reduced k ð4Þ
The values of Y large , Y reduced , e a , and e r were calculated with respect to the reference pose and the extreme poses of the ROM of each joint DOF. For each muscle, the data were collected as mean, minimum and maximum values between the samples, in order to evaluate the influence of the geometry and the model pose on the muscle mechanical effect. The calculation of all the generalized force vectors of muscles could be performed in few minutes with a common desktop computer. The errors on the calculated muscle force vectors between the large and the reduced muscle representation were small (e r,f \ 1%), therefore only the muscle moments are included in the presented results.
Results
Convergence analysis
All muscle moments showed asymptotic convergence behaviour with respect to the density of muscle lines of action, in all the investigated poses. The convergence, which corresponded to a relative error below 5%, was achieved with a mean value of 0.3560.17 lines/mm between all muscles in all the poses, and with a maximum value of 0.76 lines/mm. As an example, the curves of moments and absolute errors for the gluteus medius in the reference pose are reported ( Figure 3) : this muscle shows one of the largest differences of the moments between the muscle samples, but this does not reflect on the absolute errors.
Influence of the reduced muscle representation
Reference pose. The muscle moments (i.e. ||Y large || and ||Y reduced ||) and the absolute errors (i.e. e a ) are presented for each muscle (Figures 4 and 6) . The broad attachment muscles (gluteus maximus, gluteus medius, vastus lateralis, vastus medialis, adductor magnus) showed the highest mean values of muscle moments and absolute errors. For these muscles, the mean absolute errors ranged from 0.4 Nm for the gluteus maximus to 3.4 Nm for the vastus medialis ( Figure 6 ). The mean relative error was 34%, ranging from 14% to 60% (found for the gluteus maximus and vastus medialis respectively); overall, the muscles, excluding those whose absolute error contribution was below 0.1 Nm (i.e. tibialis anterior, tibialis posterior, adductor longus), showed an average relative error of 40%, ranging from 14% to 75% (found for the gluteus maximus and gluteus minimus respectively). In the majority of cases, the muscle moments showed a relatively high variability between the different modelled anatomies. Considering the broad attachment muscles, the ratio between the moment range and mean value was on average 88% and reached 200% for the gluteus medius. Similarly, the ratio between the absolute error range and mean value was on average 66% and reached 122% for the adductor magnus.
Extension to the extreme poses of the range of motion. The muscle moments and the absolute errors are presented ( Figures 5 and 6 ) in correspondence of the extreme skeletal poses, showing a general tendency towards smaller muscle moments than those calculated in the reference pose. The broad attachment muscles (gluteus maximus, gluteus medius, vastus lateralis, vastus medialis, adductor magnus) showed the highest mean values of muscle moments and absolute errors. For these muscles, the mean absolute errors ranged from 0.4 Nm for the gluteus maximus to 2.1 Nm for the vastus medialis (Figure.  6 ). The mean relative error was 36%, ranging from 13% to 63% (found for the gluteus maximus and vastus medialis respectively); overall, the muscles, excluding those whose absolute error contribution was below 0.1 Nm (i.e. tibialis anterior, tibialis posterior, adductor longus), showed an average relative error of 42%, ranging from 13% to 75% (found for the gluteus maximus and gluteus minimus respectively). The variability of the muscle moments increased when including the effect of the extreme poses in the ROM. Considering the broad attachment muscles, the ratio between the moment range and mean value was on average 165% and reached 290% for the gluteus medius. Similarly, the ratio between the absolute error range and mean value was on average 145% and reached 200% for the adductor magnus. 
Discussion
In musculoskeletal models, the continuum muscletendon units are discretized to represent the muscle mechanical effect with lines of action attached to the bones. The influence of different types of muscle discretization on the mechanical effect of the lower-limb muscles had not been addressed yet, particularly when varying the anatomy and the skeletal pose. Thus the aim of the present study was to evaluate the error of a reduced muscle representation in reproducing the mechanical effect on the skeletal system, varying the musculoskeletal geometry and the model pose. It was found that one muscle line of action per millimetre represented a good assumption to correctly reproduce the muscle mechanical effect on bones (Figure 3 ), since the convergence was achieved for all muscles with a markedly lower line density. When passing from the large representation with the maximum line density to the minimum representation (up to six lines of action), the error on the force vector was small in all cases (e r,f \ 1%), confirming previous findings, 19 while the errors on the muscle moments with respect to the centroid of the attachment areas could be significant. In particular, mean relative errors of up to 75% were predicted, and even restricting the analysis to the muscles with broad attachment areas, the mean relative error remained above 30%. The calculated errors were found to be dependent on the individual anatomy and on the skeletal pose. The average increase of error variability due to the inclusion of the different skeletal poses was comparable to the original variability related only to the different anatomies. Thus it seems that both factors have a similar role.
To the authors' knowledge, this is the first study addressing the influence of the discretization of the lower-limb muscles on their mechanical effect. A similar study was proposed for a different anatomical district (i.e. the shoulder) on one specimen in a single reference pose. 19 That study showed that the broad attachment muscles are affected by the largest absolute errors (i.e. e a ) and lower relative errors (i.e. e r ), in accordance with the present findings. However, for the lower limbs, the relative errors found were higher than those reported for the shoulder. Indeed, e r for the reference pose was up to 75%, with a mean value of 40%, while the errors for the shoulder muscles do not exceed 15%. Also the mean error for the broad attachment muscles (34%) was found to be significantly higher than the maximum value reported for the shoulder muscles. A significant variability of the muscle moments and moment errors was also shown due to the different anatomies ( Figures  4 to 6) , which take into account both intra-subject and inter-subject variability. This result appears consistent with the large range of muscle forces predicted with different models mimicking the same activity, 31, 32 and with the observed wide anatomical variability for the femoral muscle attachments. 20 The present study is affected by some limitations. First, a uniform distribution of the muscle force over the vector U was assumed, 19 supposing an even activation of each muscle over its entire volume. However, this methodological hypothesis allowed for separating the effect of independent activations, to study the effect of muscle discretization only. In addition, the adoption of the same assumptions of the original method 19 allowed for a direct comparison of the results. Moreover, strategies for extrapolating the results to non-uniform distributions have been already discussed. 19 Second, via-points were included in few muscles (iliacus, tibialis anterior and tibialis posterior); however, the adopted muscle paths have been previously used in musculoskeletal models and the inclusion of via-points would result in smaller moments and absolute errors. Last, data from two cadaver specimens were used, not representing a consistent sample size for a full characterization of the error between large and reduced muscle representations. However, extending the study to more specimens, the error committed could only be equal or bigger, leaving unchanged the majority of the conclusions and highlighting the relevance of subject-specific modelling.
The presented results might have implications on the generation of musculoskeletal models. The calculated line densities of convergence correspond to an accurate number of muscle lines of action which is always larger than the reduced representation of each muscle (Table 1) , and the reduced representation includes a number of elements larger than commonly adopted discretizations. Moreover, the line densities of convergence showed an important dependence on the single muscle and the pose considered (0.35 6 0.17 lines/ mm), resulting in a variable number of lines of action needed. For instance, regarding the broad attachment muscles, the number of elements ranged from 21 6 2 (adductor magnus) to 35 6 9 (vastus medialis). Therefore, care should be taken in using the proposed error indication to identify the minimum number of muscle elements to be used, since different applications (e.g. structural analyses of bone stresses and musculoskeletal models for the prediction of muscle forces during motion) may require different discretization levels. In fact, the choice of the point used for calculation of the moment vectors is crucial for the computation of the errors. The choice of the centroid of the attachment areas as the reference point is the one that produces the highest relative errors, since it is the point producing the minimum moment vector for each muscle. 19 Further investigations will involve the calculation of the muscle moments with respect to the joint centres, in order to calculate an adequate muscle discretization suitable for applications of models for dynamic simulations of motion.
In conclusion, the present study compared the mechanical effect of the lower-limb muscles on bones produced by two muscle representations: a large discretization, i.e. one line of action per millimetre, correctly reproducing the muscle mechanical effect; and a reduced discretization, with a number of elements equal to the DOF that the muscle can influence independently. Up to four anatomies in a reference skeletal pose and in the extreme poses of the ROM were considered. It was found that the error committed using the reduced representation could be larger than that reported for the shoulder muscles, 19 and it was dependent on the individual anatomy and the skeletal pose.
Funding
This work was supported by the projects LHDL [reference number 026932] and NMS Physiome [reference number 248189] funded by the European Union.
